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Nuclear localization signalA possible interaction between aconitase and a mitochondrial ribosomal protein was suggested in a
genome-wide interactome study. In ﬁssion yeast Schizosaccharomyces pombe, the aco2+ gene
encodes a fusion protein between aconitase and a putative mitochondrial ribosomal protein bL21
(Mrpl49). Two types of aco2+ transcripts are generated via alternative poly (A) site selection, produc-
ing both a single aconitase domain protein and the fusion form. The bL21-fused Aco2 protein resides
in mitochondria as well as in the cytosol and the nucleus. The viability defect of aco2 mutation is
complemented not by the aconitase domain but by the bL21 domain, which enables mitochondrial
translation.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Aconitase functions as an enzyme in TCA cycle (Krebs cycle),
converting citrate to isocitrate in bacteria and mitochondria of
eukaryotes. It contains a [4Fe-4S] cluster, ligated to three
conserved cysteines, and is labile to oxidation [1,2]. In many
organisms, aconitase serves additional roles, being a nucleic acids
binding protein. In mammals, cytosolic aconitase, also called IRP1
(iron regulatory protein 1), loses its iron-sulfur cluster under
iron-depleted or oxidative stress conditions and binds to RNA hair-
pin structures known as IREs within 50 or 30 UTR of speciﬁc RNAs
[3]. Mitochondrial aconitase has also been shown to bind to RNA
viral genome [4]. In prokaryotes, aconitases from Bacillus subtilis,
Escherichia coli and Streptomyces viridochromogenes are known to
bind RNA as well [5–7]. DNA binding has been demonstrated in
yeast, such that Aco1 in Saccharomyces cerevisiae and Candida
parapsilosis binds to and stabilizes mitochondrial DNA [8–10].Distribution of identical proteins or enzymes in multiple cellu-
lar compartments is not uncommon in cells. It has been
demonstrated that more than one third of mitochondrial proteome
is dual-localized in S. cerevisiae [11]. The Aco1 aconitase in
S. cerevisiae, which serves as a marker for mitochondrial matrix
as a TCA enzyme, is also localized in the cytosol serving a distinct
metabolic role in glyoxylate shunt pathway [12].
In the ﬁssion yeast Schizosaccharomyces pombe, two genes
encode aconitases; aco1+ (SPAC24C9.06c) encoding aconitase
domain only, and aco2+ (SPBP4H10.15) encoding an aconitase
domain connected with mitochondrial ribosomal protein L21
(Mrpl49) of bacterial origin. Following the proposed universal
names for ribosomal proteins, we named this domain as bL21
[13] Genome-wide disruption study demonstrated that either gene
is essentially required for cell viability [14,15]. The Aco1 protein
(789 aa) is about 77% homologous to S. cerevisiae Aco1, with a sin-
gle aconitase domain spanning from residue 52 to 778. About
40000 [16] to 100000 molecules of Aco1 are estimated to exist
per cell throughout mitotic cell cycle and vegetative growth [17].
Mitochondrial localization has been demonstrated through a
genome-wide analysis [18]. The Aco2 protein (912 aa) has an
aconitase domain (44–805) and a bL21 domain (806–912). The
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of S. cerevisiae, respectively. The Aco2 protein is also an abundant
protein, existing at about 22000 [16] to 50000 molecules per
cell throughout mitotic cell cycle and vegetative cell growth [17].
Its localization in mitochondria has also been demonstrated
through genome-wide analysis [18]. The gene fusion of aconitase
and bL21 occurs in other Schizosaccharomyces species as well
(S. japonicas, S. octosporus) [19]. In S. cerevisiae, where the Aco2
protein contains only an aconitase domain, a genome-wide study
has demonstrated its interaction with Mrpl16 protein, suggesting
a relationship between aconitase and mitochondrial ribosome
function [20]. In this study, we analyzed the expression of the
aco2+ gene in S. pombe; its transcripts and protein products.
Presence of multiple forms of gene product in multiple cell
compartments was revealed, along with the mechanism behind
the essentiality of the aco2+ gene.
2. Materials and methods
2.1. Yeast strains and plasmids
All strains and plasmids used in this study were listed in
Table S1. All the deletions and taggings were done through
PCR-based methods [21]. Primers used to generate PCR fragments
for cloning and mutant construction were listed in Table S2. To
obtain nmt42p-aco2 conditional mutant, aco2 L1/L2 and L7/L8 pri-
mer pairs were used to amplify the aco2 gene speciﬁc PCR frag-
ments. The pCM42 vector was used as a template to amplify the
ura4+ cassette with the primer pair ura4-nmt-F/ura4-nmt-R. To
obtain GFP-fused strains, aco1 and aco2 L3/L4 and L5/L6 primer
pairs were used to amplify gene speciﬁc PCR fragments. The
pFA6a-GFP-kanMX6 vector was used as a template to amplify
GFP-kan cassette with KanMX-F/KanMX-R primers. Gene-speciﬁc
sequence and marker fragments were fused by overlapping PCR,
followed by transformation into ED665 cells. Transformants were
selected and conﬁrmed by PCR and nucleotide sequencing.
Growth and maintenance of all the strains were done by standard
procedures [22]. Either Edinburgh minimal medium (EMM) with
appropriate supplements or complex medium (YES) was used for
cell growth. JH43 strain with integrated pRIP42 vector was used
as the wild type control for nmt42p-aco2 conditional mutant [23].
To obtain plasmid constructs expressing a series of Aco2
variants fused with EGFP, the wild type or mutant aco2 genes with
its own promoter were cloned into pREP42-EGFP plasmid. For
pREP-aco2-GFP plasmid, aco2-F(P)/aco2-EGFP-R(B) primer pair
was used for PCR, followed by restriction digestion with PstI
and BamHI for cloning into pREP-EGFP. For pREP-aco2AD-GFP
and pREP-aco2RD-GFP, aco2-F(P)/aco2-AD-EGFP-R(B) and aco2-
RD-F(S)/aco2-EGFP-R(B) primer pairs were used. The pREP-
aco24NLS-GFP was generated by PCR-based ligation method. The
pREP-aco2-GFP plasmid was used as a template. For the ﬁrst PCR,
AMP-F/aco2DNLS-R primer pair was used. For the second PCR,
aco2DNLS-F/AMP-R primer pair was used. The two PCR fragments
were ligated and transformed to E. coli and selected on LA plate.
All plasmids used in the spotting assay and mitochondrial
translation analysis were cloned in pREP1 plasmid. To generate
pREP-aco2 plasmid, aco2-F(P)/aco2-R(B) primer pair was used for
PCR, followed by restriction digest with PstI and BamHI and then
cloning into pREP41. For pREP-MTS-aco2AD and pREP-aco2RD
(RD1) plasmids, aco2-F(P)/aco2AD-R(B) and aco2RD-F(S)/
aco2-R(B) primer pairs were used, respectively. To generate
pREP-MTS-aco2RD4NLS plasmid (RD2), mitochondrial targeting
sequence (MTS)-speciﬁc primer aco2-NLS RD-F(N)/aco2-R(B) pri-
mer pair was used, along with pREP-aco24NLS-GFP plasmid as a
template. The pREP-aco2-polyAmut plasmid was generated by
cloning with Gibson assembly master mix (NEB) [24]. ThepREP41 vector was linearized with NdeI/BamHI. Two fragments of
polyA (AATAAA) mutated aco2 coding region was prepared by
PCR with aco2-gibson-F/aco2polyAmut-R and aco2polyAmut-F/
aco2-gibson-R primer pairs. The three fragments were then ligated
with Gibson assembly kit and transformed to E. coli. All recombi-
nant plasmids were conﬁrmed by nucleotide sequencing.
2.2. Fluorescence microscopy
The chromosomally integrated aco1-GFP and aco2-GFP fusion
strains were grown to OD595 of 1.0 in YES media with supple-
ments. Cells that express GFP-fused aco2 genes on pREP42-based
plasmids were grown similarly in EMM media with supplements.
Mitochondria and DNA were visualized by adding MitoTracker
Red CMXRos (Molecular Probes) and DAPI, respectively.
Fluorescence and DIC (differential interference contrast) images
were captured by Axiovert 200M microscope and analyzed by
AxioVision 4.3 software (Carl Zeiss, Inc.).
2.3. RNA analysis
Total RNAs were prepared with acidic hot phenol method as
described [25]. Ethanol-precipitated RNAs were dissolved in
RNase-free water. For Northern analysis, RNA samples were elec-
trophoresed on 1.1% agarose gel, followed by transfer to a
Hybond-N+ membrane (Amersham). The aco2+ gene-speciﬁc
probes were generated by PCR and labeled with [a-32P] dATP
(10 lCi; IZOTOPE/ Institute of Isotopes Co., Ltd.) with T4 Kinase
(Koschem). Hybridization was done in Rapid-hyb buffer
(Amersham) according to standard procedures. Signals were
detected by PhosphorImager (BAS-5000) and analyzed with Multi
Gauge (Fuji) program. To determine the 30 end region of mRNA,
30 RACE (rapid ampliﬁcation of cDNA ends) was carried out by add-
ing 30 RACE adaptor and reverse transcriptase (the FirstChoice
RLM-RACE kit; Ambion) to 1 lg RNA sample, following the
manufacturer’s instructions. PCR was performed with the adaptor
primer (30 RACE outer control primer) and the aco2+ gene-speciﬁc
primer aco2 RACE F. Final PCR products were separated on an agar-
ose gel, eluted, and then sequenced.
2.4. Western analysis
TCA-precipitated protein samples were dissolved in SDS gel
running buffer with 3 min boiling, and electrophoresed on 8–10%
SDS–PAGE gel. Monoclonal antibody against GFP (sc 9996) was
purchased from Santa Cruz Biotech. Polyclonal antibodies against
Aco2 were generated frommice by injecting gel-puriﬁed Aco2 pro-
tein fragment (38–285 aa) overexpressed on pET15b system in
E. coli BL21. Anti-Aco2 antibody was used at 1:3000 dilution.
2.5. Spotting assay
Cells were grown in liquid EMM media with supplements until
OD595 of 1.0. About 3  107 cells and their ten-fold serial dilutions
were spotted on EMM solid media with or without thiamine
(10 lM). Plates were incubated at 30 C for four days.
2.6. Mitochondrial translation
Labeling of mitochondrially synthesized proteins in vivo was
done as described previously [26] with some modiﬁcations. Cells
were grown in 50 ml EMMwith 0.1% glucose and 2% galactose with
or without 10 lM thiamine until OD595 of 1.0. Cells (3  107)
were harvested, washed in 500 ll reaction buffer (40 mM potassi-
um phosphate, pH 6.0, 0.1% glucose, 2% galactose). After being
pelleted, cells were re-suspended in 500 ll reaction buffer with
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15 min, prior to adding [35S] methionine (50 lCi; IZOTOPE/
Institute of Isotopes Co., Ltd.) for 1 h at 30 C. After cell lysis by
adding 75 ll solubilization buffer (1.8 M NaOH, 1 M b-mercap-
toethanol, 0.01 M PMSF), TCA-precipitated proteins were elec-
trophoresed on 17.5% SDS–PAGE gel, followed by autoradiography.
3. Results and discussion
3.1. Localization of Aco2 in mitochondria as well as in the cytosol and
nucleus
As an initial step to understand aconitase functions in S. pombe,
we examined cellular localization of Aco1 and Aco2 by fusing GFP
to their C-termini. Both Aco1 and Aco2 have mitochondrial target-
ing sequence (MTS) at N-termini, whereas Aco2 has a nuclear
localization signal (NLS) near the C-terminus (Fig. 1A). As predict-
ed, Aco1-GFP was detected almost exclusively in mitochondria
(Fig. 1B). On the other hand, Aco2-GFP signal is more diffuse, rais-
ing the possibility that Aco2-GFP is residing not only in mitochon-
dria but also in the cytosol and in the nucleus (Fig. 1C). This
contrasts with the report by genome-wide localization study
[18], but coincides with the presence of NLS in Aco2. In order to
verify whether this NLS indeed contributes to the nuclear localiza-
tion of Aco2, we made various Aco2 constructs with or without NLS
in pREP42-based EGFP-fusion plasmids. Fluorescence signals from
transformed WT cell were observed. Fig. 2 demonstrated that in
contrast to the wild type Aco2 that are distributed in mitochondria,
cytosol, and possibly in the nucleus (Fig. 2A), deletion of NLS
(KHKRRHR; residue 884–890) caused Aco2 to be localized almost
exclusively in mitochondria (Fig. 2D). The variant that contains
MTS and aconitase domain (AD) without ribosomal protein domain
(RD), similarly to Aco1, was also conﬁned almost exclusively to
mitochondria (Fig. 2B). The ribosomal bL21 domain (RD) with
NLS and without MTS was localized almost exclusively to the
nucleus (Fig. 2C). These observations demonstrate that the NLS inA
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Fig. 1. Distribution of Aco1 and Aco2 proteins among cell compartments. (A) Diagram
targeting sequences (MTS) at N-termini of Aco1 (1MGSRIFTQSTLRSFSCAPVAA21) and A
localization signal (NLS) in the bL21 domain of Aco2 (KHKRRHR) were shown. Conse
Fluorescence signals from Aco1-GFP expressed from a chromosomal fusion gene wer
expressed from a chromosomal fusion gene were shown along with Mitotracker and DAthe bL21 domain is functional, and supports the possibility that
the full-length Aco2 protein reside in the nucleus.
3.2. The aco2+ gene produces two kinds of transcripts by alternative
selection of poly (A) site
Since the null mutant of aco2 is non-viable as reported [14], we
constructed a conditional mutant by placing the aco2+ gene under
the control of nmt42 promoter (no message in thiamine) which is
repressible by thiamine. When the transcripts of the aco2+ gene
were analyzed by Northern blot, two aco2+-speciﬁc transcripts
were detected in WT cell (Fig. 3A). We determined the 50 and 30
ends of these transcripts by RACE analysis. The 50 RACE revealed
that the two transcripts have 50 ends at the same position, 53
nucleotides upstream from the start codon (data not shown,
Fig. 3C). On the other hand, the 30 RACE revealed that the two tran-
scripts differ by the site of poly (A) addition (Fig. 3B). Whereas the
longer one encompassed all the coding sequences of aconitase and
bL21, the shorter one had poly (A) tail added at the 2418 nt
(relative to start codon), changing the 806th codon from TAT (for
Tyr) to TAA stop codon. Hence, the short transcript encompassed
only the aconitase domain. Fig. 3C summarizes the structure of
two transcripts generated from the aco2+ gene.
We then examined Aco2 proteins by Western blot using poly-
clonal antibodies against Aco2 protein. Results in Fig. 4A demon-
strated two aco2-speciﬁc bands, whose mobility coincides with
the full-sized fusion product (912 aa; 99kDa) and the shorter one
with aconitase domain only (805 aa; 87kDa). This antibody cross-
reacted with Aco1 protein (82kDa), as judged by its mobility shift
in aco1-GFP strain by 26kDa (data not shown). Whether the bL21
domain can be cleaved off from the fusion protein was examined
by detecting GFP portion of the Aco2-GFP protein produced in
the fusion strain. Results in Fig. 4B demonstrate that GFP-tagged
full-sized protein was detectable, whereas the smaller GFP-linked
ribosomal protein (44.3kDa) was not. This supports the conclusion
that bL21 may not exist as a single domain form, unless GFP778
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Fig. 2. Contribution of NLS on the distribution of Aco2. Various Aco2 variants were cloned in pREP42-based EGFP-fusion plasmid (A): full-length Aco2 coding sequence (a),
Aco2 aconitase domain (AD; 1–788 aa; b), ribosomal protein domain (RD; 807–912 aa; c), and NLS-deleted Aco2 (DNLS; d). Fluorescence from GFP, mitotracker, and DAPI in
cells that express each of pREP42-based Aco2-GFP fusion constructs (B). Scale bar, 5 lm.
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Fig. 3. Two kinds of transcripts produced from the aco2+ gene. (A) Northern blot analysis of aco2+ transcripts produced from the wild type (JH43) and nmt42-aco2 cells grown
in the presence of thiamine. (B) The long (L) and short (S) transcripts were analyzed by 30 RACE to yield sequences near 30 ends. The position of poly (A) addition in short
transcript, and the changes of codon from TAT (in long transcript) to TAA (in short transcript) were indicated. (C) Diagram of two aco2+ transcripts generated by alternative
selection of poly (A) site. The position of NLS and the spliced intron in bL21 domain was also indicated.
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of proteins; one with aconitase domain only that is targeted almost
exclusively to mitochondria, and the other with both aconitase and
bL21 domains, which are targeted to both mitochondria and the
nucleus.3.3. Aco2 is essential for cell viability due to the ribosomal protein
domain
Whether both domains of Aco2 are needed for cell viability was
examined by introducing variants of aco2 gene on multi-copy
AAco2
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Fig. 4. Production of two kinds of Aco2 proteins. (A) Western blot analysis of
proteins obtained from the wild type and nmt42-aco2mutant treated with thiamine
(10 lM). Polyclonal antibodies against Aco2 were used. Two protein bands with
predicted sizes for full length Aco2 and Aco2-AD were indicated. Cross-reactivity
with Aco1 was marked with an asterisk. (B) Western blot analysis with antibody
against GFP. Protein samples from the wild type and aco2-GFP fusion strains were
analyzed by antibody against GFP.
pREP1
pAco2
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(AD)
pAco2RD
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pMTS-Aco2RD NLS
(RD2)
pAco2-polyAmut
(AAT)
nmt42-aco2
- thiamine + thiamine
Fig. 5. Restoration of viability of Aco2-depleted cells by bL21. Spotting assays were
done on EMM plates in the presence and absence of 10 lM thiamine. The nmt42-
aco2 strain was transformed with pREP1-based plasmids expressing wild type and
variant Aco2 proteins from its own promoter; pREP-aco2 (full-length and aconitase
domain of Aco2), pREP-MTS-Aco2AD (aconitase domain, 1–805 aa), pREP-aco2RD
(ribosomal protein domain, RD1, 808–912 aa), pREP-MTS-aco2RDDNLS (mitochon-
drially targeted ribosomal protein domain, RD2), and pREP-aco2-polyAmut (full
length two-main product only, AAT). In aco2-polyAmut, poly (A) signal at 2399 nt
(Fig. 3c) was mutated without changing codons by changing TCA ATA AAA to AGC
ATC AAG.
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to the aco2+ gene that produces two types of transcripts and
proteins (L and S), we made four additional constructs of aco2 on
pREP-based plasmid, producing various single-domain or two-
domain products expressed from its own (aco2) promoter
(Table S1). Cell viability assay in Fig. 5 demonstrates that the
non-viable phenotype of nmt42-aco2 strain on thiamine-
containing plates was fully complemented by the wild type aco2+
expression (pAco2). Expression of the aconitase domain only
(pMTS-Aco2AD; 1–785 aa) or the ribosomal protein domain only
(pAco2RD; 807–912 aa without MTS; RD1) did not rescue the
viability defect. However, the ribosomal domain linked with MTS
(1–50 aa) without NLS (pMTS-Aco2RDDNLS; RD2) was able to
restore cell viability dramatically. The Aco2 variant whose poly
(A) signal (AATAAA at 2399 nt; Fig. 3C) was mutated from TCA
ATA AAA to AGC ATC AAG (pAco2-polyAmut; AAT) and hence pro-
duces only the long two-domain product, restored the growth as
well as the wild type aco2+. These results indicate that it is pri-
marily due to the presence of the bL21 domain that conferred
essentially required function for cell viability. The slight difference
between the effects of wild type or poly (A) mutated aco2 and the
single domain bL21 (RD2) construct may reﬂect the contribution
from the fusion of aconitase domain in conferring optimal viability.
3.4. Aco2 is needed for mitochondrial translation
Some mitochondrial functions including translation are
essentially required for cell viability. Whether bL21 domain ofAco2 contributes to mitochondrial translation was examined, by
monitoring 35S-methionine-incorporated proteins in the presence
of cycloheximide that inhibits cytosolic translation. Fig. 6A demon-
strated that the depletion of Aco2 by thiamine in nmt42-aco2 strain
inhibited synthesis of mitochondrial proteins. The lower level of
translation in the nmt42-aco2 strain than in the WT in the absence
of thiamine is thought to be due to lower Aco2 expression from
the nmt42 promoter [27], compared with the native promoter.
We then examined the contribution of different domains and
mutations of Aco2 in mitochondrial translation. The nmt42-aco2
conditional mutant was transformed with various aco2 mutants
used in the viability assay (Fig. 5). The results in Fig. 6B demon-
strate that the constructs that restored cell viability (Fig. 5) also
enabled mitochondrial translation. Therefore, the ribosomal pro-
tein domain of Aco2 contributes primarily to ensure mitochondrial
translation. The aconitase domain by itself was not effective,
whereas its presence as a fused form in the wild type (aco2+) and
poly (A) mutated (AAT) construct contributed to achieve optimal
translation. We estimated whether Aco2 depletion affected
mitochondrial DNA stability or mitochondrial transcription.
Mitochondrial DNA copy number as determined by qRT-PCR was
similar in the wild type and nmt42-aco2 cells grown in the pres-
ence of thiamine (data not shown). The amount of mitochondrially
encoded RNAs (cox1, cox2, cox3) did not change either by deplet-
ing Aco2 (data not shown). These results indicate that the bL21
domain by itself, and more optimally in the fused form with aconi-
tase domain, contributes to mitochondrial translation. In S. pombe,
there is an additional gene (img2; SPAC3H8.03) that is annotated to
encode bL21 (Mrpl49). We obtained the Dimg2 mutant from the
Bioneer deletion collection, and conﬁrmed its mutated sequence.
As reported from genome-wide studies, the mutant was grown
normally [14,15]. When examined for mitochondrial translation,
we found that Img2 is dispensable (Supplementary Fig. S1).
Therefore, the aco2+ is the only critical gene that encodes mito-
chondrial ribosomal subunit protein L21.
In conclusion, our work demonstrates the production of both
the sole aconitase domain protein and the aconitase-bL21 fusion
protein from the wild type aco2+ gene in S. pombe. The ribosomal
protein domain is essentially required for the cell viability since
it contributes to mitochondrial translation. How the fused aconi-
tase domain works in concert with the bL21 domain for optimal
AB
Fig. 6. Contribution of Aco2 to mitochondrial translation. (A) In vivo labeling of
mitochondrial translation in the wild type and nmt42-aco2 strains grown in EMM
with 0.1% glucose and 2% galactose in the presence or absence of 10 lM thiamine.
TCA-precipitated proteins were analyzed on 17.5% SDS–PAGE, followed by autora-
diography. A portion of Coomassie-stained gel of the same protein samples was
presented as a loading control. (B) Complementation of nmt42-aco2 strain with
various Aco2 mutants for restoring mitochondrial translation. The nmt42-aco2
strain was transformed with pREP1-based plasmids that express wild type Aco2
(aco2+), aconitase domain (AD; 1–804 aa), ribosomal protein domain (RD1, 808–
912 aa), mitochondrially targeted ribosomal domain (RD2, MTS-RDDNLS), polyA-
mutated aco2 (AAT), in parallel with parental pREP1 plasmid ().
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cellular compartments other than mitochondria are interesting
questions to solve in the future.Author contributions
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